Abstract. Cancer chemotherapy, including molecular targeted therapy, has major limitations because it does not kill all the cancer cells; the residual cells survive until they acquire chemoresistance. In the present study, the combined effects of metformin and gefitinib were examined in vivo in a mouse xenograft model, inoculated with a human lung adenocarcinoma cell line that possesses an activating epidermal growth factor receptor mutation. The mechanism of the interaction was further elucidated in vitro. Metformin did not suppress the growth of already established tumors, nor did metformin augment tumor shrinkage by gefitinib. However, metformin significantly suppressed the regrowth of the tumor after effective treatment with gefitinib, suggesting the specific effect of metformin on the residual cells. Cytotoxicity of metformin was characterized by the absence of apoptosis induction and unremarkable cell cycle shift in vitro. The residual cell population after treatment with gefitinib was characterized by enriched cells with high expression of CD133 and CD24. Metformin was still effective on this specific cell population. Targeting residual cells after chemotherapy may represent an effective novel strategy for the treatment of cancer. Elucidating the mechanism of metformin cytotoxicity provides insights into future development of anticancer therapeutics.
Introduction
Cytotoxic chemotherapy of most solid cancers rarely cures the cancer. Molecular targeted therapy has the same limitation, despite significantly enhanced cancer control and resulting prolonged survival, especially when cancers with driver mutations are treated with specific inhibitors, for example, when non-small cell lung cancer with an epidermal growth factorreceptor (EGFR) mutation is treated by EGFR-tyrosine kinase inhibitors (TKIs) (1) . Thus, even after a complete response after a long period of treatment with gefitinib, the tumors grew again after withdrawal of the agent in an animal study (2) . The secondary point mutation of T790M in EGFR (3) and establishment of a bypass signal transduction via cMET amplification (4) are known genetic alterations responsible for acquired EGFR-TKI resistance. If chemotherapy were sufficiently effective to kill the entire cell population of the tumor in a short period, however, the cancer would be cured before genetic adaptation and chemoresistance. Nevertheless, some cells in the tumor escape from effective chemotherapy and these residual cells survive until a chemoresistant phenotype is obtained. Therefore, complete elimination of residual cells would represent significant progress in cancer therapy. A recent study showed that the drug-tolerant phenotype, induced by acute response to chemotherapeutic agents, is reversible and that the phenotype maintains viability via engagement of insulin-like growth factor (IGF)-1 receptor signaling and an altered chromatin state that requires histone demethylase (5) . This observation importantly provides a vision for a new strategy to treat cancer by specifically targeting the residual cells after chemotherapy.
Metformin is a safe biguanide that has been used worldwide to treat type 2 diabetes mellitus. Metformin activates AMP-activated protein kinase (AMPK), an enzyme that plays an important role in insulin signaling, whole body energy balance and the metabolism of glucose and fats, resulting in lowering of blood glucose (6) . Metformin recently attracted attention for its potential anticancer effects (7) . Epidemiological studies (8) (9) (10) first suggested a link between metformin and cancer prevention by demonstrating a lower incidence of death from cancer in patients with diabetes mellitus treated with metformin than those treated with other antidiabetic agents. These studies were followed by clinical observations, suggesting a link between metformin and increased pathologically complete response rate by induction chemotherapy in patients with breast cancer (10) as well as lower incidence rate of metastasis and a reduced risk of death in patients with lung cancer (11) . These findings triggered a number of in vitro and in vivo experiments, revealing its antiproliferative properties in a variety of cancers (12) (13) (14) (15) (16) (17) (18) (19) (20) . Although the precise mechanism is unclear, activation of AMPK might be crucial. First, liver kinase B1 (LKB1), a well-recognized tumor suppressor, activates AMPK (21, 22) and metformin requires LKB1 for growth inhibitory action (23) . Second, AMPK inhibits the mammalian target of rapamycin (mTOR) and the S6 kinase I pathways (24, 25) and this inhibition appears to be achieved by phosphorylating tuberous sclerosis complex-2, another tumor suppressor and upstream regulator of mTOR (26) . Notably, metformin blocks the growth-promoting effects of both insulin and IGF-1, deregulates AMPK activity and inhibits mTOR activity, S6 kinase activity and protein synthesis both in transformed and non-transformed mammary gland cells (14) . However, it is unknown whether metformin causes apoptosis of cancer cells (13, 17) or not (12, 16) , or whether metformin kills cancer cells synergistically with other cytotoxic agents (15, 18, 20, 27) or antagonistically to cisplatin (28, 29) .
In the present study, in vivo experiments suggested a unique anticancer action for metformin, specifically on residual cells after chemotherapy. The mechanism was further elucidated with a series of in vitro experiments.
Materials and methods

Cell culture and reagents.
A human lung adenocarcinoma cell line, PC9, purchased from Riken Cell Bank (accession no. RCB4455, Tsukuba, Japan), was used throughout the study. This cell line has an activating deletion of the EGFR gene (del E746-A750) in exon 19 (30) . The cells were cultured as a monolayer in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ ml streptomycin in a 37˚C humidified atmosphere containing 5% CO 2 . Gefitinib (cat no. 3000, Tocris Bioscience, Ellisville, MO, USA) was dissolved in dimethyl sulfoxide (DMSO) and stored at -20˚C until use. Metformin (1,1-dimethylbiguanide hydrochloride, cat no. D150959-5G, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in phosphate buffered saline (PBS) at a concentration of 100 mM and stored at 4˚C. A cisplatin solution at a concentration of 0.5 mg/ml (pH 2.5-5.5) was purchased from Nihon Kayaku (Tokyo, Japan). Each drug was diluted in the complete medium for each experiment and the final concentration of DMSO was <0.1%.
Combined treatment of metformin and gefitinib in a mouse xenograft model. Five to 6-week-old female severe combined immunodeficient (SCID) mice were acclimatized to local conditions for a week before starting the experiments. Aliquots of the cell suspension (2x10 6 cells per mouse) were injected subcutaneously into their flanks. At day 16 (when the tumor volumes had reached ~300 mm 3 ), the mice were randomly allocated into 4 groups (7 mice per group). In every group, administration of either saline alone or gefitinib suspended in saline (150 mg/kg/day, every day, p.o. with gavage) and either PBS alone or metformin dissolved in PBS (250 mg/kg/day, every day, i.p.) were started. Either saline alone or gefitinib suspended in saline was continued for 14 days and either PBS alone or metformin dissolved in PBS was continued until terminating observation. In the first group, only saline (p.o.) and PBS (i.p.) were administered (control). In the second group, metformin dissolved in PBS was administered. In the third group, gefitinib suspended in saline was administered. In the fourth group, both gefitinib and metformin were administered (Fig. 1) . The administration route of metformin was selected because a previous study showed that i.p. was better tolerated and more effective than p.o. in vivo (31) . The dose of metformin was selected according to a preliminary experiment that showed that this dose was near maximal without causing death or body-weight loss in the animals (data not shown). The dose of gefitinib was previously published (32) . In each animal, the tumor was allowed to grow until reaching ~2,000 mm 3 , or until day 66, after which the animal was sacrificed. The tumor size was estimated by 2-dimensional caliper measurements and calculation with the formula π/6 x (A x B) 3/2 , where A and B represent the larger and smaller diameters of the tumor, respectively. The tumor size was measured twice a week during the observation period. The animal experiments were approved by the animal ethics review board of Chiba University (protocol no. A22-186) and were conducted in an animal facility at Chiba University under the strict SPF conditions in accordance with the established institutional guidelines.
Cell proliferation in vitro.
For the in vitro chemosensitivity assay, 5x10 5 cells per 6-cm-diameter culture dish were plated and cultured for 24 h until adding the agents metformin, gefitinib, cisplatin, or their combinations, to the medium for further culture. The cells were harvested, counted and the survival at defined time points (24, 48 and 72 h after adding the agents) was calculated. A series of preliminary experiments indicated that metformin at 10 mM, gefitinib at 0.03 µM and cisplatin at 1.5 µg/ml were nearly equivalent in reducing cell numbers to 10% of the cell number obtained without adding the agents (control) at 72 h (Fig. 2) . Therefore, these concentrations were used for further experiments.
Apoptosis. Apoptosis was evaluated by Hoechst staining and caspase activity determination. For Hoechst staining, cells treated with agents for 48 h were trypsinized and harvested together with the floating cells, fixed with 70% ethanol, stained with 2 µg/ml bisbenzimide H33342 trihydrochloride (cat no. B2261-25MG; Sigma-Aldrich) and examined by fluorescence microscopy according to the manufacturer's instructions. Cells with aggregated or fragmented chromatin were regarded as apoptotic cells and 500 cells in each experiment were counted to calculate the apoptotic cell ratio. To determine the caspase activity in the cell extracts, a colorimetric assay was used to monitor the absorbance at 405 nm of p-nitroanilide (pNA) released from the synthetic substrates. Caspase 3 and 8 activities were evaluated with synthetic substrates DEVD-pNA and IETD-pNA, respectively, using the colorimetric assay kit APOPCYTO (Medical & Biological Laboratories, Nagoya, Japan) according to the manufacturer's instructions. In each assay, ~200 µg of protein was extracted from the cells treated with each agent for 24 h.
Cell cycle. Cell cycle distributions were determined by a propidium iodide single-color flow cytometric method (FACSCanto II; BD Biosciences, San Jose, CA, USA), according to the manufacturer's instructions. Briefly, the cells were trypsinized, washed twice with ice-cold PBS, fixed with 70% ethanol and then stored at -20˚C until analysis. Before analysis by FACS and CellQuest software (BD Biosciences), the cell suspensions were washed twice with PBS, suspended in 500 µl of PI/RNase staining buffer (BD Biosciences) and incubated for 15 min at room temperature.
Immunofluorescent staining for CD133. The cells were cultured in a chamber slide for 24 h, followed by treatment with the agents for 24 h. After removal of the medium containing the agents, the cells were fixed in a 1:1 mixture of methanol and acetone for 2 min, followed by blocking with normal goat serum for 30 min. The cells were incubated with primary anti-human CD133 antibodies (cat no. 130-090-422, Miltenyi Biotec, Bergisch Gladbach, Germany) overnight at 4˚C. The cells were then washed 3 times in PBS and incubated with the secondary antibody (anti-mouse IgG) conjugated to the Alexa488 fluorescent dye for 1 h at room temperature. The stained cells were embedded in VectaShield mounting medium with DAPI (Vector Laboratories, Burlingame, CA, USA) and were examined with a Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan) using the VB-7210 imaging system (Keyence, Tokyo, Japan). Staining results were directly observed at a magnification of x200 using a fluorescence microscope.
CD24 and CD44 expression determined by FACS.
For analysis of cell-surface marker expression by FACS, anti-human CD24 antibodies conjugated to phycoerythrin (cat no. 311105, BioLegend, San Diego, CA, USA) and anti-human CD44 antibodies conjugated with allophycocyanin (cat no. 103011, BioLegend) were used. The cells treated with the agents for 24 h were trypsinized and washed 3 times with PBS. The cells (1x10 6 ) in a single-cell suspension were resuspended in the staining buffer (PBS containing 2% FBS) and labeled with the antibodies, followed by washing and resuspension in 500 µl of staining buffer according to the manufacturer's instructions. The cells were also labeled with propidium iodide to enrich viable cells and analyzed with a JSAN cell sorter and AppSan software (Bay Bioscience, Kobe, Japan).
Enrichment of CD24-positive cells.
To obtain a cell population enriched in CD24-positive cells, a magnetic cell-sorting system with the Miltenyi Biotec MACS Cell Separation kit Figure 1 . Effects of treatment with metformin, gefitinib and a combination of metformin and gefitinib, on the growth of PC9 xenograft tumors in SCID mice. After growing tumors for 16 days, the animals were randomly divided into 4 groups. In group 1 (fine broken line), saline (p.o.) was administered daily for 14 days (until day 30) and PBS (i.p.) was then administered daily until terminating the observation (day 66). In group 2 (fine, solid line), gefitinib (p.o., 150 mg/kg/day) suspended in saline was administered daily for 14 days and PBS (i.p.) was then administered daily until day 66. In group 3 (thick, broken line), saline (p.o.) was administered daily for 14 days and metformin (i.p., 250 mg/kg/day) dissolved in PBS was then administered daily until day 66. In group 4 (thick, solid line), both gefitinib and metformin were administered. The regrowth of the tumors after withdrawing gefitinib was significant, with each given p-value in the figure, suppressed by metformin (compare groups 3 and 4), whereas metformin exerted no effects on tumor growth (compare groups 1 and 2) and tumor shrinkage by gefitinib (compare groups 3 and 4). Each point represents the mean and the bars represent the SE (n=7). was used according to the manufacturer's instructions. The sorted cells were analyzed with a JSAN cell sorter and the AppSan software as described above. The cell sorting and subsequent brief culture for propagation were repeated up to 4 times to obtain a cell population consisting of ~80% CD24-positive cells.
Statistical analysis.
Data are presented as the means ± SEs as indicated and were analyzed by Student's t-test. A p-value of <0.05 (2-tailed) was considered statistically significant.
Results
Effect of gefitinib and metformin on xenograft tumors in vivo.
When the administration was initiated day 16 or when the tumor size reached ~300 mm 3 , metformin did not reduce tumor growth (compare groups 2 to 1, Fig. 1 ). In addition, no additional effect was observed with metformin in tumor shrinkage with gefitinib (see the curves from days 16 to 31 in groups 3 and 4). Metformin, however, significantly reduced tumor regrowth after withdrawal of gefitinib treatment (see the curves from days 35 to 66 in groups 3 and 4).
Suppression of in vitro cell proliferation. In vitro administration of metformin suppressed proliferation of PC9 cells in a dose-dependent manner, similarly to gefitinib (Fig. 2) and the concentrations that resulted in 90% reduction of cell numbers compared with controls at 72 h after the administration were 11.6±1.87 mM with metformin, 0.042±0.024 µM with gefitinib and 1.48±0.18 µg/ml with cisplatin. In subsequent experiments, concentrations of 10 mM for metformin, 0.03 µM for gefitinib and 1.5 µg/ml for cisplatin were employed (Fig. 3) .
Apoptosis induction by the agents.
As assessed by Hoechst staining, metformin did not induce more apoptotic cells compared with the control in contrast to cisplatin and gefitinib (Fig. 4A) . The representative morphology in the presence of the agents is shown in Fig. 5 . The caspase 3 assay confirmed the results (Fig. 4B) with statistically significant differences, although the caspase 8 assay solely revealed a trend without statistical significance (Fig. 4C) .
Cell cycle alteration. FACS analysis showed that metformin did not significantly alter the cell cycle distribution compared to the control. In contrast, cisplatin caused a marked cell accu- Figure 3 . Growth curves of PC9 cells in vitro. In contrast to the cells that grew to 380% of the originally plated cell number without any agent after 72 h of culture, metformin, gefitinib and cisplatin suppressed cell growth. Because the concentrations of the agents adopted here were almost equivalent in suppression, they were used for further experiments. The dots and bars represent the mean and SE (n=3), respectively. mulation at the S phase together with a marked decrease of cells at the G0/G1 phases. Gefitinib caused marked accumulation at the G0/G1 phases together with a marked decrease at the S and G2/M phases compared with the control (Fig. 6) .
Expression of CD24, CD44 and CD133 in surviving cells after exposure to gefitinib.
Because we failed to detect reproducible CD133 expression by FACS analysis, CD133 expression was assessed solely by immunofluorescence staining. The CD133-positive cells were significantly enriched after exposure to gefitinib for 24 h. In contrast, exposure to metformin alone or to gefitinib combined with metformin did not augment CD133 expression (Fig. 7) . Altered expression of CD24 and CD44, assessed by FACS, are shown in Fig. 8 . The cell population with negative staining for CD44, either with or without CD24 expression, was not significantly altered by exposure to gefitinib for 24 h. The cell population with positive staining for CD24 increased significantly after exposure to gefitinib for 24 h. 
Sensitivity to metformin and gefitinib in CD24-positive cells.
To obtain a cell population enriched in CD24-positive cells, the parental cells were sorted by FACS magnetic separation. Because a single sorting was not sufficient to enrich CD24-positive cells, the sorting was repeated up to 4 times. The proportion of CD24-positive cells in the parental cells (7.1±4.2%, n=3) was enriched to 81.8±12.1% (n=3). The in vitro sensitivity assay revealed that the parental and sorted cells showed nearly identical sensitivity to metformin. The sorted cells, however, were slightly but significantly more resistant to gefitinib than the parental cells (Fig. 9) .
Discussion
The present study employed the human lung adenocarcinoma cell line PC9, which possesses an EGFR exon 19 deletion mutation that renders EGFR sensitive to the TKIs. In vivo experiments with xenografts derived from these cells resulted in the following observations: i) metformin exerted no effect on already grown tumors (>300 mm 3 ), ii) metformin had no additional effect on tumor shrinkage by gefitinib, iii) the tumors regrew after withdrawing gefitinib even after the treatment had resulted in complete regression of the tumors and iv) metformin significantly suppressed the regrowth of the tumors after withdrawing gefitinib treatment. These observations suggest that metformin is effective specifically on residual cells after gefitinib treatment; however, metformin is not sufficiently effective to suppress growth of already established tumors.
To test our hypothesis, a series of in vitro experiments were conducted. Cisplatin was included as a positive control in some of the experiments. A dose that resulted in an in vitro cell number reduction to 10% of the original cell number was chosen for each agent. Metformin did not induce apoptosis when assessed by Hoechst staining and caspase 3 and 8 activity determination, in contrast to gefitinib and cisplatin. Moreover, apoptosis induction by metformin treatment was significantly lower, even lower than what was observed in the control experiments, suggesting an apoptosis-protective property of metformin. This is consistent with a previous report that demonstrated a preventive effect of AMPK on apoptosis (33, 34) . Although metformin decreased the cells at the G2/M phases, cell cycle alteration with metformin was not dramatic in contrast with cisplatin and gefitinib, which induced significant accumulation at the S and G0/G1 phases, respectively. Although the results obtained with cisplatin (35) and gefitinib (36, 37) are consistent with previously reported data, the results obtained with metformin are rather complicated. Some studies reported an absence of apoptosis induction with metformin (17), whereas other reports described a significant apoptosis induction (12) . Similarly, although some have reported a significant cell cycle shift with metformin (12, 16) , others have reported only mild cell cycle arrest at the G0-G1 phases in the presence of metformin (38, 39) . The effects of metformin on apoptosis and cell cycle arrest may vary depending on the cell line examined, as previously reported with human lung cancers of a variety of histological types (40) . Nevertheless, the minimum effects of metformin on apoptosis induction and cell cycle alteration in vitro in the present experimental system may explain the absence of effects on tumor growth inhibition in vivo.
Based on the reported drug resistance of cancer stem cells (41) and the information presented in a previous study (5) , the expression of 3 putative cancer stem cell markers, CD133 (42), CD44 (43) and CD24 (44), was examined. After gefitinib treatment of the cells in vitro, cells with CD133 expression were enriched as assessed by immunofluorescence staining. FACS analysis revealed an enrichment of cells with CD24 expression after gefitinib treatment in vitro. The population of cells with CD44 expression was unaltered. These observations are similar to those in a previous report (5) , suggesting that cells with CD133 or CD24 expression may be resistant to gefitinib. In fact, metformin treatment in vitro did not enrich cells with CD133 expression, in contrast to what was observed with gefitinib. In addition, combined treatment with metformin and gefitinib canceled the enrichment observed in the treatment with gefitinib alone. These results strongly suggest that metformin is effective against residual cells after in vitro treatment with gefitinib, consistent with the in vivo experiment. A cell population consisting of ~80% cells expressing CD24 (~10-fold enrichment compared with the parental cells) was obtained by FACS sorting to directly examine chemosensitivity. These cells were slightly but significantly more resistant to gefitinib than the parental cells, whereas their sensitivity to metformin was identical to the parental cells, suggesting that metformin was effective against residual cells after gefitinib treatment. Nevertheless, the degree of augmented resistance to gefitinib in cells with CD24 expression was unexpectedly small. This can be explained if the resistant cells express CD24 and if only a part of the cell population with CD24 expression is resistant to gefitinib.
The nature and properties of the residual cells after treatment with gefitinib are unclear. Although CD133 and CD24 are putative markers for cancer stem cells in human brain and colon cancers, respectively, the present results do not indicate that the residual cells are cancer stem cells because cancer stem cells in human lung cancer have not yet been identified. Considering their prompt emergence in a short period, non-mutational mechanisms, including epigenetic change and selection of resistant cells from a heterogeneous cell population, seem to be the most likely routes of chemoresistance. Cancer stem cells and epithelial-mesenchymal transitions might be possible candidates for selection. Specific targeting of residual cells after chemotherapy may be a suitable approach to cure cancers. The present study highlighted metformin as a candidate for targeting residual cells and we envision that further elucidation of the detailed molecular mechanism of the cytotoxicity of metformin represents progress in cancer therapy.
